Recent direct experimental observation of multiple highly-dispersive C 60 valence bands has allowed for a detailed analysis of the unique photoemission traits of these features through photon energy-and polarization-dependent measurements. Previously obscured dispersions and strong photoemission traits are now revealed by specific light polarizations. The observed intensity effects prove the locking in place of the C 60 molecules at low temperatures and the existence of an orientational order imposed by the substrate chosen. Most importantly, photon energy-and polarization-dependent effects are shown to be intimately linked with the orbital character of the C 60 band manifolds which allows for a more precise determination of the orbital character within the HOMO-2. Our observations and analysis provide important considerations for the connection between molecular and crystalline C 60 electronic structure, past and future band structure studies, and for increasingly popular C 60 electronic device applications, especially those making use of heterostructures.
Fullerene C 60 has a unique buckyball molecular structure. In its crystalline form, it exhibits a number of unconventional properties promising for modern electronic device applications including photovoltaics 1 , solar cells 2, 3 , and field-effect devices 4, 5 . Interests in C 60
are broad, extending to other fields such as astrophysics, where signature of the formation of C 60 in the interstellar medium has been an active subject in recent years [6] [7] [8] . Despite its long history of study and plentiful list of promising applications, the dispersive C 60 electronic valence band structure was unable to be observed experimentally until recently 9 and its complex photon energy-and polarization-dependent photoemission effects have yet to be thoroughly investigated, especially in terms of the orbital character of crystalline C 60 's electronic states.
The electronic structure of a single molecule of C 60 can be understood within a simple model 10 as distorted sp 2 bonds (a consequence of the curved C 60 surface) confined to the shell of the molecule that couple each carbon atom to its three nearest neighbors, giving rise to three occupied bonding σ-like orbitals and one occupied bonding π-like orbitals normal to the shell. In the form of a thin film (as studied here), these free C 60 molecular discrete levels (either σ or π) become large band manifolds each holding a diverse orbital character opportune for investigation.
In general, knowledge about the orbital character of electronic states in a crystalline material has proven to be quite valuable as orbital character can dramatically affect photoemission data (e.g. trigonal warping 11, 12 ), can provide information about the dimensionality of electronic states (e.g. two-versus three-dimensional 13 ), and may even be intimately connected to the formation of scientifically-intriguing material phases (e.g. antiferromagnetic and superconducting phases in Fe-based materials 14, 15 ). For C 60 , it has been shown that the molecular bonding with metallic substrates is highly affected by the specific orbitals involved in the interaction 16 and the occupied states momentum density for solid C 60 is also highly dependent on the relevant orbital 17 . For the particular case of C 60 thin films, we analyze how the orbital character of its band manifolds is linked with strong photoemission effects, which provides fundamental information about how crystalline C 60 states relate back to the corresponding molecular states.
Polarization-and photon energy-dependent photoemission studies provide a useful lens to study the orbital character of electronic states 10 . Few works have studied the effects of linearand circular-light polarization on C 60 photoemission 18, 19 where limited angle and energy 2 resolution have impeded a detailed characterization of the C 60 band manifolds. In contrast,
there have been significant experimental and theoretical studies of the C 60 band manifold intensity oscillations with photon energy [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . There is however no reported characterization of the oscillations' phase deviations within each band manifold, in particular for the HOMO-2, which can provide information about the localization of π and σ states within certain energy (and momentum) ranges.
Here we report on the detailed photon energy and polarization dependence of the thin film C 60 band structure, finding signature of the different orbital characters in C 60 valence band manifolds. These observations are possible thanks to the locking of the C 60 molecules provided by the low temperature of our measurements (20 K) and the particular choice of substrate, that, as we have shown in the past 9 , imposes a constraint on the orientation of the C 60 molecules. Our linear polarization analysis reveals expansive and specific polarizationdependent intensity enhancements and patterns for the HOMO and HOMO-1 as a result of strong matrix elements effects. Completely separate bands in the HOMO-2 are observed for different linear polarizations. Additionally, we find a strong overall intensity effect for each band manifold based on orbital character. Our circular polarization analysis provides a significantly larger wealth of data, reinforces our observations of multiple bands within each band manifold, and reveals a band splitting at the top of the HOMO not resolved with linear polarizations. Finally, our photon-energy-dependent analysis of the C 60 intensity oscillations with k z determines the frequency and phase of the oscillations for the HOMO, HOMO-1, and HOMO-2 across a wide range of energy and in-plane momenta in contrast to previous studies that only looked at the overall band manifold or at a single momentum. Our results importantly reveal precise details of the differing orbital character of each band manifold especially within the HOMO-2.
High quality C 60 thin film samples were grown in situ under ultra-high vacuum on a bulk Bi 2 Se 3 substrate as detailed elsewhere The data reveals the intensity spot corresponding to the band maximum at Γ which is entirely obscured otherwise due to the intensity effect. Similarly, we observe an enhanced intensity at Γ for the bottom of the HOMO (panel (c)), which is reduced in the case along with the asterisk-shaped intensity pattern radiating along Γ − M into higher-order Brillouin zones (dashed-line hexagons). The intensity at the Γ points in these higher-order Brillouin zones is relatively increased for the case and we recover a close resemblance between the first and higher-order Brillouin zones.
Similar to the HOMO, the top energy of the HOMO-1 (panel (d)) has an enhanced intensity along its first Brillouin zone boundary for the ⊥ polarization , albeit with a lesser magnitude than in the HOMO case. Additionally, we observe large strong intensity patterns outside of the first Brillouin zone marked here by dotted bright green hexagons. These patterns again nearly completely disappear for the polarization. The bottom energy of the HOMO-1 (panel (e)) exhibits a slightly enhanced intensity within the first Brillouin zone and a large intensity pattern outside of it as well. Again, these effects are largely negated when the polarization is switched to .
Therefore, there are three important effects visible from Whereas these are all formed entirely by π orbitals perpendicular to the surface at each carbon atom, the h g orbital has the particular characteristic of being 25% in-plane as a result of renormalization due to the curved buckyball surface 16 . We deduce that Effect 1, the light-polarization-dependent intensity enhancements and patterns observed in Fig. 1 , are due to strong photoemission matrix elements effects (most evident in the ⊥ polarized data) which manifest in different ways for the HOMO and HOMO-1 likely as a result of their small orbital character differences described above.
In all cases we find these effects to be minimized for the polarization and we are able to observe strong similarities between the HOMO and HOMO-1 dispersions as reported Considering only the polarization for a moment, we see the same dispersions at both Γ and Γ for the HOMO and HOMO-1 as one would have initially predicted when comparing equivalent momenta. Just as observed in the constant energy maps, the matrix elements intensity effects are minimized in this case, while for the ⊥ case we see clear differences (analogous to those previously mentioned for Fig. 1 ) when comparing Γ and Γ .
In addition to the HOMO and HOMO-1, we are able to resolve the next highest band manifold, the HOMO-2 (H-2), as well. The polarization-dependent effects are even more striking in the HOMO-2 as the two polarizations appear to reveal, in multiple instances, completely separate bands. Starting from the top energy of the HOMO-2 for the ⊥ polarization in Fig. 2(a) , we find that the first two bands have a minimum at Γ and rise to a maximum at Γ . However, when the polarization is switched to as in panel (b), we find that the top two observable bands now have a maximum at Γ and move down in energy to a minimum at Γ , opposite of the behavior observed for the ⊥ polarization. This can be observed more clearly in panel (c) as the discussed bands flip colors (for a given energy) going from Γ to Γ (see arrows where flip occurs). Evidently, the effect of the polarization dependence on these top HOMO-2 bands is so strong that the two orthogonal polarizations reveal completely separate bands in the photoemission data. The HOMO-2, unlike the HOMO and HOMO-1, has majority contribution from σ-like bands which may be responsible for the specific polarization-dependent bands pointed out here as we do not see such features in the entirely π-like HOMO and HOMO-1. A possible explanation for Effect 2, the differences observed between ⊥ and polarizations for all of the band manifolds, may be related to the highly two-dimensional nature of the C 60 thin film as it is only ∼5 layers thick while it simultaneously exhibits high lateral order. These characteristics differentiate the in-plane and out-of-plane physical structure which may each couple differently with the in-plane and out-of-plane light polarizations. However, the HOMO-2 intensity is hardly diminished comparatively as it is reduced by only 24%. We believe this to be a consequence of the differing overall orbital character of the HOMO and HOMO-1 compared with the HOMO-2. As previously discussed, the HOMO and HOMO-1 are of entirely π orbital character. However, the HOMO-2 is a mixture of π (g u and t 2u orbitals) and σ (h u and h g orbitals) states, with more than half of the HOMO-2 electrons being of a σ nature 42, 43 . As shown in panel (e), the physical implications of this are that the π-like states are localized to a surface outside and inside the C 60 shell with a nodal surface along the buckyball surface (as is the case for the HOMO, HOMO-1, and partially the HOMO-2), while the σ-like states are localized to a surface on the C 60 shell (as is the case mostly for the HOMO-2). In the HOMO, HOMO-1, and HOMO-2, the photoemission signal is evidently minimized from the π-like states for the case of incident light, while the σ-like states are left mostly unattenuated.
A more in-depth explanation of the linear-polarization effect on overall band manifold intensity may be found by considering the available experimental data and theory regarding the photon energy and polarization-dependent partial cross sections of the band manifolds.
The partial differential cross sections have been calculated to be dσ/dΩ = (σ tot /4π)[1 + βP 2 (cos φ)] considering electric dipole absorption with a single-electron model [44] [45] [46] (for total cross section σ tot , asymmetry parameter β, second order Legendre polynomial P 2 , and angle between outgoing photoelectron and incoming polarization vector φ). The asymmetry parameter β is dependent on the orbital character of each band manifold, particularly the angular momentum quantum number l. It is also dependent on photon energy and for 45 eV, it is found to be 0.95, 1.1, and 0.5 for the HOMO, HOMO-1, and HOMO-2, respectively 30,31 .
Given φ's dependence on the polarization vector, when switching from ⊥ to the partial cross section would decrease by approximately 66% and 71% for the HOMO and HOMO-1, respectively, but only 42% for the HOMO-2. A decrease in partial cross section would lead to a proportional decrease in observed intensity. Hence, the large decrease of the HOMO and HOMO-1 partial cross sections and the smaller decrease of the HOMO-2 partial cross section, while not an exact quantitative match, is consistent with our observations and likely a contributing factor to the polarization-dependent overall band manifold intensity effect observed in addition to the π and σ orbital character effect previously discussed. In either case, the differences in the band manifolds' orbital character are the driving forces behind this effect.
In order to fully explore the nature and orbital character details of C 60 's valence bands, we continued our polarization-dependence study by measuring the corresponding ARPES circular dichroism (CD) along Γ − M spanning the range of two Brillouin zones, as shown A previous CD study on C 60 thin films 19 found that, when compared with one another, the HOMO and HOMO-1 showed the same sign and a similar magnitude of CD polarization while the HOMO-2 showed an opposite sign of CD polarization. They concluded that the opposing polarization of the HOMO-2 must originate from its (mostly) σ orbital character based on the fact that opposing signs of CD were observed for σ and π bands in graphite 49 .
This reasoning does not hold up to our more detailed analysis as we observe opposing signs of CD within even just the HOMO (or HOMO-1), which has entirely π orbital character (as does the HOMO-1). Therefore, we cannot conclude the overall band manifold character from the overall CD for each band manifold, but this does not preclude observing more precise orbital character effects from the bands within each band manifold.
We more closely examine the polarization change across the upper HOMO splitting at the M point on either side of Γ in Fig. 3 simply-oriented orbitals (e.g. a p z orbital) given its unique buckyball shape so is unlikely to have such a strong dependence on the angle of incoming light, but there may be some geometric effect given its two-dimensional thin film nature as opposed to that of a fully three-dimensional bulk sample.
In Fig. 4 , we present our findings on the strong oscillations of the band manifolds' intensity with photon energy (and hence k z ). Similar oscillations have been reported in previous works on C 60 bulk crystals 25, 45 and thin films 26, 33, 51 (See Supp. Mat. Fig. S2 for a comparison with our data). High resolution data was taken for the HOMO, HOMO-1, and HOMO-2 bands along Γ − M spanning a range of two Brillouin zones across a photon energy range of 30-128 eV (step size of 2 eV) with ⊥-polarized photons. We have found that the light polarization has no important effect on the intensity oscillations besides a larger peak of intensity at around 45eV for ⊥-polarized light (See Fig. S1 Supp. Mat.). In Fig. 4(a) we present data at 45 eV incident photon energy across the range of binding energy and in-plane momenta (k y ) considered in our oscillation analysis. Strong oscillations of the band manifolds' intensity with k z can be observed in Fig. 4(b) where intensities were obtained by momentum-integrating across the k y range in panel (a). In the past, these oscillations were thought to be related to strong final state effects 25 . This phase dissimilarity has its origin in an interference effect, and has been explained in the past 29,51 after calculations of the differential photoionization cross section that approximate the molecular orbital initial state to spherical Bessel functions j l (kR) that depend on the radius of the molecule R, the photon-energy-dependent electron momentum k, and the angular quantum number l, that together with the principal quantum number n, label the molecular orbitals in C 60 as previously described.
The angular quantum number for the initial π HOMO, HOMO-1, and HOMO-2 states can be identified as l = 5, l = 4, and l = 3, respectively 37 , and the final states are determined by the dipole selection rules, e.g. l i ⇒ l f = l i ± 1. Mathematically, the spherical Bessel functions j l look like damped sinusoids with an approximate phase difference of π radians between l and l + 1, which leads to an antiphase relation between the HOMO and HOMO-1.
As can be seen in Fig. 4(b) , this antiphase relation (between the HOMO-1 and HOMO or HOMO-2) is close to being realized, but not exact. In fact, following the work of Xu et al. 23 , a more quantitative study by Hasegawa et al. 29 introduced a modified asymptotic form for the Bessel functions with a correction factor α l i describing the initial and final states. In
Hasegawa's work, the photoionization cross section is proportional to cos 2 kr + α l i − More importantly, we find an approximate phase difference between the two band manifolds of 2.50 rad which is very close to the phase difference found through our Fourier analysis of the raw data, 2.44 rad as is illustrated in Fig. 4(d) .
The results from the FFT phase analysis of our data (Fig. 4(c) ) show that while the phase across the HOMO and HOMO-1 band manifolds is nearly constant with energy, it varies substantially across the energy range of the HOMO-2. This is shown in closer detail difference in phase across these energy ranges suggest a difference in orbital character of the states present within each of these energy ranges. This suggestion is strengthened by our previously discussed polarization-dependent observations for the middle and bottom energy ranges in HOMO-2. The middle energy hosts the weakly-dispersive bands with opposite dispersions using ⊥ or light polarization (Fig. 2(c) ), while the bottom energy has weaker bands that do not exhibit a clear linear-polarization-dependent effect. As for the circular dichroism studies, we see a clear flipping of the CD polarization between the middle (polarization of 0.10) and bottom (opposite pol. of 0.04) energy ranges ( Fig. 3(a) ).
These combined observations from our linear-polarization dependence, CD measurements, and photon-energy dependence strongly suggest a differing in orbital character of the bands within these energy ranges. The HOMO-2 is composed of π 3 , σ 8 , and σ 9 states 24,37 (or possibly π 3 , σ 9 , and σ 10 28 ). In other words, the π 3 , σ 8 , and σ 9 bands are not spread evenly across the energy range, but instead are more strongly localized within certain energy ranges.
Theory calculations support a localization in energy between the π and σ states, but are not definitive to their relative ordering in energy as certain models calculate the σ states to lie at the top HOMO-2 energies 54 , while others calculate the σ states to lie near the bottom energies 51 , and others still show them nestled in the middle energies between the π 
